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ARTICLE INFO ABSTRACT

Keywords: Protein S-nitrosylation plays a fundamental role in cell signaling and nitrosoglutathione (GSNO) is considered as
Chlamydomonas the main nitrosylating signaling molecule. Enzymatic systems controlling GSNO homeostasis are thus crucial to
Cysteine

indirectly control the formation of protein S-nitrosothiols. GSNO reductase (GSNOR) is the key enzyme con-
trolling GSNO levels by catalyzing its degradation in the presence of NADH. Here, we found that protein extracts
Redox regulation from the microalga Chlamydomonas reinhardtii catabolize GSNO via two enzymatic systems having specific
Thiol modification reliance on NADPH or NADH and different biochemical features. Scoring the Chlamydomonas genome for
Zinc ions orthologs of known plant GSNORs, we found two genes encoding for putative and almost identical GSNOR
isoenzymes. One of the two, here named CrGSNOR1, was heterologously expressed and purified. Its kinetic
properties were determined and the three-dimensional structures of the apo-, NAD"- and NAD"/GSNO-forms
were solved. These analyses revealed that CrGSNORI1 has a strict specificity towards GSNO and NADH, and a
conserved folding with respect to other plant GSNORs. The catalytic zinc ion, however, showed an unexpected
variability of the coordination environment. Furthermore, we evaluated the catalytic response of CrGSNOR1 to
thermal denaturation, thiol-modifying agents and oxidative modifications as well as the reactivity and position of
accessible cysteines. Despite being a cysteine-rich protein, CrGSNOR1 contains only two solvent-exposed/
reactive cysteines. Oxidizing and nitrosylating treatments have null or limited effects on CrGSNOR1 activity
and folding, highlighting a certain resistance of the algal enzyme to redox modifications. The molecular
mechanisms and structural features underlying the response to thiol-based modifications are discussed.

Nitrosoglutathione
Nitrosoglutathione reductase

1. Introduction tolerance to metal toxicity, and adaptive response to abiotic and biotic
stresses) [1-8]. The biological actions of eNO are mainly exerted by

Nitric oxide (eNO) is a relatively stable free radical widely recog- NO-derived reactive molecules through their ability to react with pro-
nized as a signaling molecule in oxygenic phototrophs where it controls teins and trigger the formation of post-translational modifications
multiple physiological processes (e.g. development, stomatal closure, (PTMs) [9-12]. The major reaction consists in the reversible formation
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of a nitrosothiol (—SNO) between a NO moiety and a protein thiol
(—SH), in a process named S-nitrosylation [13].

Protein S-nitrosylation has emerged as an important regulatory
process in plants and hundreds of proteins have been identified as pu-
tative S-nitrosylated targets both in vitro and in vivo [14-22]. However,
eNO itself cannot directly react with cysteine thiols, but can readily
condense with oxygen leading to the formation of nitrogen dioxide
(eNO3). Subsequently, eNOy can react with eNO to form dinitrogen
trioxide (N2O3) that can induce S-nitrosothiol formation by reacting
with sulfur atoms of low-molecular weight thiols and protein cysteines
[14]. Considering the high intracellular concentration of reduced
glutathione (GSH; y-Glu-Cys-Gly) (1-5mM; [23,24]), nitro-
soglutathione (GSNO) is suggested to be the most abundant intracellular
low-molecular weight S-nitrosothiol [25,26]. GSNO is a quite stable
NO-carrying molecule that is considered as the major NO reservoir in
both plant and animal cells [26,27]. In addition, GSNO can donate its
NO moiety to protein cysteines through a trans-nitrosylation reaction
[13]. Due to GSNO reactivity, its intracellular concentration must be
tightly regulated to avoid uncontrolled accumulation of S-nitrosylated
proteins that might cause severe perturbations of cell metabolism and
signaling. In animals, several enzymes were shown to catabolize GSNO,
including thioredoxin (TRX) [28], glutaredoxin (GRX) [29], superoxide
dismutase (SOD) [30,31] nitrosoglutathione reductase (GSNOR) [32],
human carbonyl reductase 1 (HsCBR1) [33], and the recently described
aldo-keto reductase family 1 member A1 (HsAKR1A1) [34]. Unlike TRX,
GRX, and SOD, which catalyze the reduction of GSNO yielding GSH and
other NO-derived molecules as final products, GSNOR along with
HsCBR1 and HsAKR1A1 catalyze the irreversible conversion of GSNO to
N-hydroxysulfinamide (GSNHOH), an unstable intermediate that, in the
presence of reduced glutathione (GSH), yields oxidized glutathione
(GSSG) and hydroxylamine [14,32,35]. For this reason, GSNOR acts as a
scavenging system of intracellular GSNO, thereby indirectly influencing
the extent of protein S-nitrosylation [36,37]. Consistently, yeast strains,
mice, Arabidopsis thaliana and Lotus japonicus plants deficient for GSNOR
exhibited increased levels of protein S-nitrosothiols (SNOs) [38-41],
while a decrease of SNO levels was observed in plants overexpressing
GSNOR [42]. Overall, these data suggest that GSNO positively correlates
with S-nitrosylated proteins in vivo, and that GSNOR is an enzymatic
scavenging system capable of regulating GSNO levels in different or-
ganisms including plants.

GSNOR belongs to the class-III alcohol dehydrogenase family and
can be found in most bacteria and all eukaryotes including photosyn-
thetic organisms [32]. This enzyme was originally identified as a
glutathione-dependent formaldehyde dehydrogenase and then reclassi-
fied as an S-(hydroxymethyl)glutathione (HMGSH) dehydrogenase.
Lately, it was found to participate in GSNO catabolism by catalyzing
GSNO reduction using NADH as electron donor [32,35,43,44]. In
photosynthetic organisms, GSNOR is generally localized in the cyto-
plasm and encoded by a single gene [45], with few exceptions including
poplar, Lotus japonicus and Chlamydomonas reinhardtii which contain
two GSNOR nuclear genes [46-48]. Crystal structures show that GSNOR
is a homodimeric protein containing two zinc ions per monomer having
either a catalytic or a structural role [35,37,49].

Recently, several studies reported that Arabidopsis and poplar
GSNOR undergo S-nitrosylation in vivo under conditions of increased
endogenous NO levels [48,50]. Moreover, this modification affects
GSNOR activity following exposure of Arabidopsis leaf extracts to
NO-donors [50] and is controlled by GSH as proven by both in vitro and
genetic studies in vivo [51]. The kinetics and structural effects of
S-nitrosylation on GSNOR from Arabidopsis have been reported and the
nitrosylated cysteine residues identified (Cys10, 271, and 370) [52]. The
specific S-nitrosylation of Cys10 triggers AtGSNOR degradation through
autophagy under hypoxic conditions [53]. In addition, the redox
modification of Cysl0 occurs through a trans-nitrosylation reaction
involving catalase 3 [54]. Differently, in the leguminosae Lotus japoni-
cus, the two GSNOR isoforms were found to be target of S-nitrosylation
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without effect on protein catalysis [41]. Plant GSNORs were also found
to be inhibited by in vitro treatments with hydrogen peroxide [41,55,56]
or after exposure of Arabidopsis and Baccaurea ramiflora plants to the
pro-oxidant herbicide paraquat and exogenous hydrogen peroxide,
respectively [55,57]. Altogether, these results suggest that most plant
GSNORs are responsive to oxidative modifications and transient inhi-
bition of their activity might represent an important mechanism to
control GSNO accumulation with an ensuing impact on intracellular
GSNO/SNO levels.

In green microalgae such as Chlamydomonas reinhardtii, NO signaling
participates in the regulation of nutrients acquisition, photosynthetic
efficiency, and other processes including autophagy and cell death [4,
58-62], making its understanding of particular interest for biotechno-
logical purposes. Recently, GSNO reducing activity has been measured
in Chlamydomonas reinhardtii extracts following exposure to salt stress
[63], but the underlying enzymes along with their functional features
are yet to be uncovered.

In this work, we identified the enzymatic systems catalyzing GSNO
degradation in C. reinhardtii protein extracts. Genome mining confirmed
the presence in Chlamydomonas of two nuclear-encoded genes for pu-
tative GSNOR isozymes sharing more than 99% of sequence identity.
Algal GSNOR1 (Crel2.g543400) was cloned and expressed, and its
biochemical and structural features determined. Despite being rich in
cysteine residues (16 Cys out of 378 total residues), CrGSNOR1 contains
only two solvent-exposed/reactive cysteines (i.e. Cys244 and Cys371)
and its activity is almost unaffected by in vitro oxidative and nitrosative
treatments, suggesting that the algal enzyme is resistant to redox mod-
ifications. Nevertheless, crystallographic data clearly show that Cys244
undergoes S-nitrosylation in the presence of the physiological nitro-
sylating agent GSNO. Based on our findings, we provide functional and
structural insights into the response of CrGSNORI1 to cysteine-based
modifications.

2. Material and methods
2.1. Chemicals

Proteomics grade Trypsin Gold was obtained from Promega.
Desalting columns (NAP-5 and PD-10) and N-[6-(Biotinamido)hexyl]-
3’-(2'-pyridyldithio)proprionamide (HPDP-biotin) were purchased from
GE Healthcare and Pierce, respectively. All chemicals were obtained
from Sigma-Aldrich unless otherwise specified.

2.2. Synthesis of S-nitrosoglutathione

GSNO was synthesized from commercial glutathione via an acid-
catalyzed nitrosation reaction as previously described in Ref. [64].
Briefly, commercial glutathione (3.065 g) was dissolved in 21 ml of a
476 mM hydrochloric acid solution and kept on ice. Sodium nitrite
(0.691 g) was added at once and the mixture was kept under stirring for
45 min and protected from light. Then, 10 ml of acetone were added to
the red slurry and kept under stirring for an additional 10 min. The
slurry was filtered on a glass frit and the precipitate was washed with
prechilled distilled water (4 x 20 ml), acetone (3 x 20 ml) and diethyl
ether (3 x 20 ml). Water and solvent traces were removed under vacuum
for 24h and the powder (avg. yield 70%) was kept at —20°C in the
presence of desiccant. GSNO purity was assessed by 'H NMR and the
concentration was determined spectrophotometrically using molar
extinction coefficients of 920 M~ ! cm™! and 15.9M ! em™! at 335 nm
and 545 nm, respectively.

2.3. Cell culture, growth conditions and protein extraction
Conditions for Chlamydomonas cultures and protein extraction were

adapted from Ref. [17]. Briefly, the Chlamydomonas D66 cell-wall-less
strain (CC-4425 cw nit2-203mt+ strain) was grown in Tris-acetate
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phosphate (TAP) medium under continuous light (80 pE m2s 1 at
25°C up to 4-5 x 10% cells m1™!. Cultures were then pelleted (4000 g,
5min) and resuspended in 50 mM Tris-HCl pH 7.9. Total soluble pro-
teins were then extracted by three cycles of freeze/thaw in liquid ni-
trogen. The protein extract was then clarified by centrifugation (15000 g
for 10 minat 4°C) and protein concentration was assessed by BCA
Protein Assay using bovine serum albumin (BSA) as standard.

2.4. NAD(P)H-dependent GSNO reductase activity in protein extracts

The NAD(P)H-dependent GSNO reductase activity was measured
adding variable amounts of freshly prepared protein extracts
(0.125-1 mg) in a reaction mixture (1 ml) containing 50 mM Tris-HCl
pH 7.9, 0.2mM NAD(P)H and 0.4 mM GSNO. The activity was deter-
mined spectrophotometrically following NAD(P)H oxidation at 340 nm
using a molar extinction coefficient of 7060 M~ cm ™! at 340 nm, which
includes both NAD(P)H and GSNO absorbance. The linear rate of the
reaction was corrected with a reference rate without GSNO. Activity
measurements were performed at least in three biological triplicates
using 1 cm path length cuvettes.

2.5. Thiol-modifying treatments and thermal stability of protein extracts

Freshly prepared protein extracts (500 pg) were incubated at 25 °C in
50mM Tris-HCL, pH 7.9 in the presence of 1 mM N-ethylmaleimide
(NEM) or 1mM and methyl methanethiosulfonate (MMTS). At the
indicated times, aliquots (10-50 pl) were withdrawn to carry out ac-
tivity measurements as described above. Control experiments were
performed by incubating protein extracts in the presence of 2mM
reduced DTT. Thermal stability was carried out by incubating protein
extracts (500 pg) for 5 min from 40 °C up to 80 °C with 10 °C increments.
Subsequently, protein samples were centrifuged (15000 g for 5 min at
4°C) to remove precipitated proteins, and the NAD(P)H-dependent ac-
tivities were monitored as described above. Control experiments were
performed by incubating protein extracts at 25 °C following the centri-
fugation step.

2.6. Cloning, expression and purification of CrGSNOR1

The coding sequence for CrGSNOR1 (locus Crel2.g543400) was
amplified by standard RT-PCR on Chlamydomonas total RNA extracts
using a forward primer introducing an Ndel restriction site (in bold) at
the start codon: 5'- CATGCCCATATGTCGGAAACTGCAGGCAAG-3' and
a reverse primer introducing a BamHI restriction site (in bold) down-
stream of the stop codon: 5-CATGCCGGATCCCTAGAACGTCAGCA-
CACA-3’. CrGSNOR1 was cloned in a modified pET-3c vector [65]
containing additional codons upstream of the Ndel site to express a
His-tagged protein with seven N-terminal histidines. The sequence was
checked by sequencing. Recombinant CrGSNOR1 was produced using
the pET-3c-His/BL21 expression system. Bacteria were grown in LB
medium supplemented with 100 pgml™! ampicillin at 37°C and the
production was induced with 100 uM isopropyl p-p-1-thiogalactopyr-
anoside overnight at 30 °C. Cells were then harvested by centrifugation
(5000 g for 10 min) and resuspended in 50 mM Tris-HCl pH 7.9. Cell lysis
was performed using a French press (6.9 x 107 Pa) and cell debris were
removed by centrifugation (5000 g for 15 min). To avoid nucleic acids
contamination, the sample was incubated with RNase (0.01 mg ml™)
and DNAse (0.04 Uml™!) for 30 minat RT under mild shaking. The
supernatant was then centrifuged at 15000 g for 30 min and applied onto
a Ni2t Hitrap chelating resin (HIS-Select Nickel Affinity Gel;
Sigma-Aldrich) equilibrated with 30 mM Tris-HCl pH 7.9 containing
500 mM NaCl (TN buffer) and 5 mM imidazole. The recombinant protein
was purified according to the manufacturer’s instructions. The molec-
ular mass and purity of the protein were analyzed by SDS-PAGE after
desalting with PD-10 columns equilibrated with 30 mM Tris-HCl pH 7.9.
The concentration of CrGSNOR1 was determined
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spectrophotometrically using a molar extinction coefficient at 280 nm
(e2g0) of 40910 M~ 'em™L. The resulting homogeneous protein solutions
were stored at —20 °C.

2.7. Enzymatic assays for GSNOR activities

The catalytic activity of purified CrGSNOR1 was measured spectro-
photometrically as described above. The reaction was initiated by the
addition of CrGSNOR1 at a final concentration ranging from 5 to 50 nM.
The NADH-dependent activity of CrGSNOR1 was also assayed in the
presence of oxidized glutathione (0.4 or 4mM) or 0.2mM NADPH
instead of GSNO or NADH, respectively. S-(hydroxymethyl)glutathione
(HMGSH) oxidation by CrGSNOR1 was assessed following the procedure
described in Refs. [66]. Briefly, the activity was determined spectro-
photometrically following NAD" reduction in a reaction mixture con-
taining 50 mM Tris-HCl pH 7.9, 0.2 mM NAD"' and 1 mM HMGSH. The
activity was measured as the increase in absorbance at 340 nm using a
€340 of 6220 M L em L.

2.8. Kinetic properties of CrGSNOR1

Steady-state kinetic analysis was accomplished by varying the con-
centrations of NADH (0.005-0.2 mM) at a fixed GSNO concentration
(0.4 mM) and the concentration of GSNO (0.0125-0.4 mM) at a fixed
concentration of NADH (0.2 mM). The reaction was started by adding
25nM CrGSNORI1. Three independent experiments were performed at
each substrate concentration and apparent kinetic parameters (K’ and
k’cat) were calculated by nonlinear regression using the Michaelis-
Menten equation with the program CoStat (CoHort Software, Monte-
rey, CA).

2.9. Thermal stability of purified CrGSNOR1

The thermostability of purified CrGSNOR1 (5 pM) was assessed by
measuring protein activity after 30 min incubation of the enzyme at
temperatures ranging from 25 °C up to 75 °C with 5°C increments. Ki-
netics of CrGSNOR1 aggregation were assessed by measuring the in-
crease of turbidity at 405nm CrGSNORI1 samples were incubated in
30 mM Tris-HCl, pH 7.9 at the indicated temperatures in a low-protein-
binding 96-well plate. Samples were monitored at interval times and
turbidity was measured using a plate reader (Victor3 Multilabeling
Counter; PerkinElmer).

2.10. Thiol-modifying treatments of CrGSNOR1

Treatments were performed at room temperature by incubating pu-
rified CrGSNOR1 (5 pM) in 50 mM Tris-HCl, pH 7.9 in the presence of
NEM and MMTS at 1 mM. After 30 min incubation, aliquots were
withdrawn to assay GSNOR activity as described above.

2.11. Alkylation of CrGSNOR1 by maleimide-based reagents

Recombinant CrGSNOR1 (10 pM) was incubated in 30 mM Tris-HCI,
pH 7.9 at room temperature in the presence of either 1 mM N-ethyl
maleimide (100 mM stock solution prepared in water) or 1 mM Biotin-
maleimide (50 mM stock solution prepared in DMSO). At indicated
time points (20, 30, 60, 90 min) DTT (10 mM) was added to quench
maleimide derivatives.

2.12. In-solution trypsin digestion

Alkylated CrGSNOR1 (100 pl) was immediately desalted by gel
filtration using NAP-5 columns equilibrated in water as recommended
by the supplier. Then, the desalted protein samples (ca. 500 ul) were
concentrated using a SpeedVac concentrator. CrGSNOR1 concentration
was determined spectrophotometrically before a 3 h digestion step with
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trypsin (1:20 (w/w) enzyme:substrate ratio) in 25 mM ammonium bi-
carbonate (AMBIC). Trypsin digestion was stopped either by heating at
95 °C for 3 min or by ultrafiltration using 0.5 ml Amicon Ultra centrif-
ugal devices (20 kDa MWCO, Millipore). A five microliters aliquot was
kept for MALDI-TOF MS analysis and the rest was used for the enrich-
ment of biotinylated peptides by affinity chromatography.

2.13. Affinity purification of cysteinyl peptides alkylated by biotin-
maleimide

Affinity purification was performed as previously described in
Ref. [67] with slight modifications. Briefly, around 75 pl of monomeric
avidin agarose (Pierce) were packed into a gel-loading tip and further
equilibrated with 200 mM NaCl in 25mM AMBIC (loading buffer).
Peptide mixture was supplemented with 200 mM NaCl before loading by
centrifugation (20°C, 1min, 40g). The flow through was kept and
reloaded three times. Then, avidin agarose was extensively washed by
centrifugation with 4 x 150 pl of loading buffer and 4 x 150 pl of 25 mM
AMBIC in 20% methanol. Peptides retained onto the packed monomeric
avidin column were eluted using 150 pl of 0.4% trifluoroacetic acid
(TFA) in 30% acetonitrile (ACN) and were directly analyzed by
MALDI-TOF without further treatment.

2.14. MALDI-TOF MS analyses

Mass spectrometry experiments were performed as previously
described in Ref. [68,69]. Briefly, for analysis of intact proteins by mass
spectrometry, 1 pl of protein sample (previously quenched with DTT as
described above) was taken and mixed with 2 pl of a saturated solution
of sinapinic acid in 30/0.3 ACN/TFA. Two microliters of this premix
were spotted onto the sample plate and allowed to dry under a gentle air
stream at room temperature. Spectra were acquired in positive linear
mode on an Axima Performance MALDI-TOF/TOF mass spectrometer
(Shimadzu-Kratos, Manchester, UK) with a pulse extraction fixed at
50000. Mass determination was performed after external calibration
using mono-charged and dimer ions of yeast enolase.

2.15. Treatments of CrGSNOR1 with oxidizing or nitrosylating agents

Oxidizing and nitrosylating treatments were performed at 25 °C by
incubating purified CrGSNOR1 (5 pM) in 50 mM Tris-HCL, pH 7.9 in the
presence of 1 mM hydrogen peroxide (H203), or 1 mM diamide (TMAD),
or 2mM GSNO, or SNAP (0.2 and 2 mM). After 30 min incubation, an
aliquot was withdrawn, and enzyme activity was assayed as described
above. Reactivation of SNAP-treated CrGSNOR1 was carried out after
20 min incubation in the presence of 10 mM DTT.

2.16. Titration of free thiol groups

The number of free thiols in CrGSNOR1 protein was determined
spectrophotometrically under non-denaturing conditions with 5,5'-
dithiobis-2-nitrobenzoic acid (DTNB) [18,70]. Briefly, 5 pM protein was
incubated with 200pM DTNB in 100 mM Tris-HCl, pH 7.9. After
30 min at room temperature, the absorbance at 412 nm was determined.
A molar extinction coefficient of 14,150 M~ ! em~! was used to calculate
the number of titrated thiol groups. The same procedure was also
applied to CrGSNOR1 treated with H,O5 or GSNO. Before reacting with
DTNB, the protein samples (10 pM) were incubated in the presence of
1 mM H505 or 2mM GSNO and then desalted in 100 mM Tris-HCl (pH
7.9) using NAP-5 columns.

2.17. Biotin switch technique
Purified CrGSNOR1 was incubated in TEN buffer (30 mM Tris-HCI

pH 7.9, EDTA 1 mM, NaCl 100 mM) in the presence of 2mM GSNO or
2mM SNAP for 30 min in the dark at 25°C. The extent of protein
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nitrosylation was assessed by following the procedure described in
Ref. [22]. After nitrosylation treatments, proteins (~1 mg ml_l) were
precipitated with two volumes of 80% cold acetone at —20 °C during
20 min and pelleted by centrifugation at 4 °C for 10 min at 15,000 g. The
pellet was resuspended in TENS buffer (30 mM Tris-HCl pH 7.9, 1 mM
EDTA, 100 mM NaCl and 1% SDS) supplemented with a cocktail of
alkylating reagents (10 mM iodoacetamide, 10 mM N-ethylmaleimide),
to allow blocking of free thiols. After 30 min incubation at 25 °C under
shaking, the samples were acetone precipitated, as described above, to
remove unreacted alkylating reagents. After resuspension in TENS
buffer, proteins were incubated in the presence of 40 mM ascorbate and
1mM N-[6-(Biotinamido)hexyl]-3 @2 -pyridyldithio)propionamide
(HPDP-biotin) for 30 min. This step allows reduction of S-nitrosylated
cysteines and their derivatization with biotin. Proteins were then
acetone precipitated to remove unreacted labelling compounds, pelleted
by centrifugation as above and resuspended in TENS buffer. All steps
were performed in the dark. After the final precipitation, proteins were
quantified using the bicinchoninic acid assay, separated by
non-reducing SDS-PAGE and transferred onto nitrocellulose mem-
branes. Protein loading and transfer were assessed by Ponceau staining
of the membrane. Proteins were then analyzed by western blotting using
a primary anti-biotin antibody (1:5000 dilution; Sigma-Aldrich) and an
anti-mouse secondary antibody coupled to peroxidase (1:10,000 dilu-
tion; Sigma-Aldrich). Signals were visualized by enhanced chem-
iluminescence as described previously [71]. All BST assays included a
negative control where ascorbate was omitted to prevent reduction of
S-nitrosothiols and subsequent biotinylation.

2.18. Quaternary structure determination

Gel filtration analysis was performed on a Superdex 200 HR10/
300 GL column (GE Healthcare) connected to an AKTA Purifier system
(GE Healthcare), previously calibrated with standard proteins, namely
ferritin (440kDa), aldolase (158kDa), ovalbumin (43kDa), and
chymotrypsinogen A (25kDa), as described in Ref. [65]. The column
was equilibrated with 50 mM Tris-HClL, pH 7.5 and 150 mM KCl. The
loading volume of CrGSNOR1 samples was 0.25 mlat a concentration
above 1 mg ml~! and fractions of 0.5 ml were collected at a flow rate of
0.5 mlmin~!. DLS measurements were performed employing a Malvern
Nano ZS instrument equipped with a 633 nm laser diode [72]. Samples
consisting of CrGSNOR1 (5-50 pM) in 30 mM Tris-HCl, pH 7.9 were
introduced in disposable polystyrene cuvettes (100 pl) of 1 cm optical
path length. The width of DLS hydrodynamic radius distribution is
indicated by the polydispersion index. In the case of a monomodal dis-
tribution (Gaussian) calculated by means of cumulant analysis, PdI =
(o/ Zavg)z, where o is the width of the distribution and Z,yq is the average
radius of the protein population. The reported hydrodynamic radii (Ry)
have been averaged from the values obtained from five measurements,
each one being composed of ten runs of 10s.

2.19. Crystallization and data collection

The apo-, NAD'- and NAD'/GSNO-CrGSNOR1 were crystallized
using the hanging drop vapor diffusion method at 20 °C. The drop was
obtained by mixing 2 pl of 5mgml~! protein solution in 30 mM Tris-
HC, pH 7.9, 1 mM EDTA plus 1 mM NAD" for NAD"-enzyme or plus
1mM NAD" and 2mM GSNO for NAD"/GSNO-enzyme, and an equal
volume of a reservoir solution containing 0.1 M Tris-HCl pH 8.5, 0.1 M
MgCly or Mg(CH3CO3)2, and 12-15% w/v PEG 20 K or 12% w/v PEG 8 K
as precipitant. Crystals with a rod-like morphology appeared after about
10 days. The crystals were fished, briefly soaked in a cryo-solution
containing the reservoir components plus 20% v/v PEG 400, and then
frozen in liquid nitrogen. Diffraction data were collected at 100 K using
the synchrotron radiation of the beamline ID23-1 at ESRF (Grenoble,
France) for apo-CrGSNOR1 and of the XRD1 beamline at Elettra (Trieste,
Italy) for NAD'- and NAD"/GSNO-CrGSNOR1. Data collections were
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performed with a wavelength of 1.0 A for all crystals, an oscillation
angle (A¢) of 0.1° and a sample-to-detector distance (d) of 385.62 mm
(Pilatus 6 M) for the apo-enzyme, a A¢p=0.3° and d=260.00 mm
(Pilatus 2 M) for the NAD"-enzyme and a A¢ = 0.5° and d = 350.00 mm
(Pilatus 2M) for the NAD"/GSNO-enzyme. The images were indexed
with XDS [73] and scaled with AIMLESS [74] from the CCP4 package.
The unit cell parameters and the data collection statistics are reported in
Supplemental Table 1.

2.20. Structure solution and refinement

Apo-CrGSNOR1 structure was solved by molecular replacement with
the program MOLREP [75] using the coordinates of apo-GSNOR from
tomato as search model (PDB code 4DLA; [35]). Three dimers were
placed in the asymmetric unit consistently with the calculated Matthews
coefficient [76] equal to 2.4 A3Da! for six molecules in the asymmetric
unit and corresponding to a solvent content of 48%. The refinement was
performed with REFMAC 5.8.0135 77 selecting 5% of reflections for
Rfree, and the manual rebuilding with Coot [78]. Water molecules were
automatically added and, after a visual inspection, confirmed in the
model only if contoured at 1.0 ¢ on the (2F, — F.) electron density map
and they fell into an appropriate hydrogen-bonding environment.
Several PEG molecules, chloride and magnesium ions coming from the
crystallization solution were identified and added to the model. The last
refinement cycle was performed with PHENIX [79].

Since NAD'- and NAD"/GSNO-CrGSNOR1 crystals were isomor-
phous with the apo-form, the final coordinates of apo-CrGSNOR1 were
directly used for refinement providing R and R values of 0.23 and
0.28 for NAD™ structure and 0.19 and 0.27 for NAD"/GSNO structure,
respectively. The calculated 2F, — F. and F, — F, electron density maps
revealed a clear density for NAD™" in each monomer that was added to
the structural model. Moreover, an extended positive density was
observed in all protein chains close to the thiol group of Cys244 and it
was attributed to a nitrosothiol group built into the structural model.

The refinement of the NAD™- and NAD"/GSNO-structures was per-
formed as described for the apo-form. Refinement statistics are reported
in Supplemental Table 1. The stereo-chemical quality of the models was
checked with Molprobity [80]. Molecular graphics images were gener-
ated using PyMOL (The PyMOL Molecular Graphics System,
Schrodinger, LLC) and Ligplot [81].

2.21. Secondary structure analysis

The secondary structure of CrGSNOR1 was investigated by means of
circular dichroism (CD) spectroscopy. Samples of CrGSNOR1 (10.7 pM)
were prepared in 30 mM Tris-HCl, pH 7.9 and quantified by spectro-
photometric analysis at 280 nm in a 1 cm cell [82]. Oxidized CrGNSOR1
samples were obtained by treatment with either HyO, (1 mM) or GSNO
(2 mM) and incubation for 30 min. The far-UV CD spectra (260-190 nm)
of all samples were measured at room temperature on a J-810 spec-
tropolarimeter (Jasco, Japan), using a QS-quartz cylindrical cell with
0.2 mm optical pathlength (Hellma Analytics, Germany), a 1 nm spectral
bandwidth, a 20 nm/min scanning speed, a 4 s data integration time, a
0.2 nm data interval and an accumulation cycle of 6 scans. The resulting
CD spectra were corrected by subtracting the spectral contribution of
solvent and eventual oxidizing agents, then converted to molar units per
residue (Acres, in M~—! em™1). The estimation of the secondary structure
from the CD spectra of native and HyOs-treated CrGSNOR1 samples was
performed using the CONTIN-LL algorithm [83] and the 48-protein
reference set 7 [84] available on the DichroWeb web server (http
://dichroweb.cryst.bbk.ac.uk/) [85]. The cut-off of measurements on
GSNO-treated CrGSNOR1 had to be shifted to 200 nm due to the high UV
absorption of GSNO. As a consequence, the estimation of the secondary
structure could not be performed using the same method because the
required wavelength interval (240-190 nm) exceeded the experimental
spectral range available.
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2.22. Accession numbers

Atomic coordinates and structure factors have been deposited in the
Protein Data Bank (www.wwpdb.org) under PDB ID codes 7AAS, 7AAU
and 7AV7 for apo, NAD"- and NAD'/GSNO-CrGSNOR1, respectively.

3. Results

3.1. Distinct NADPH- and NADH-dependent enzymatic systems catalyze
GSNO reduction in C. reinhardtii

To determine whether C. reinhardtii contains enzymatic systems able
to catabolize GSNO, we examined GSNO reduction in the presence of
NADPH or NADH by monitoring the decrease in absorbance at 340 nm.
Chlamydomonas protein extracts were found to catalyze GSNO reduc-
tion using both cofactors and the relative activities correlated with
protein content (Fig. 1A and B). The NADPH-dependent specific activity
(75.9 4 10.0 nmol min~! mg™!) was around two-fold higher compared
to that measured in the presence of NADH (32.9 + 2.3 nmol min~!
mg~1). To investigate whether the NADPH- and NADH-dependent ac-
tivities are due to different enzymatic systems, we sought to find con-
ditions that allowed uncoupling them. We first compared the thermal
stability of the two enzymatic activities as it is well established that
enzymes can exhibit very different sensitivity to temperature [86]. After
incubation of protein extracts at varying temperatures ranging from
25°C to 80 °C, we measured GSNO degradation in the presence of both
cofactors. The NADPH-dependent activity was resistant to temperature
up to 70 °C and strong inactivation was only achieved at 80 °C (Fig. 1C).
By contrast, NADH-dependent GSNO degradation exhibited a much
higher sensitivity to heating, retaining 85%, 20% and 5% residual ac-
tivity at 50 °C, 60 °C and 70 °C, respectively (Fig. 1D).

Further analyses were conducted aimed at investigating the response
of NAD(P)H-dependent GSNO degrading activities to thiol-modifying
agents such as N-ethylmaleimide (NEM) and methyl methanethiosulfo-
nate (MMTS). These two compounds share a strong reactivity towards
cysteine residues, but while NEM induces irreversible alkylation, MMTS
reacts with sulfhydryl groups (-SH) forming a mixed disulfide (-S-S-CHs,
dithiomethane). In addition, NEM exclusively reacts with accessible
cysteine residues while MMTS can also react with metal-coordinating
cysteine thiols [87]. The exposure of protein extracts to NEM led to a
strong and rapid inactivation of the NADPH-dependent activity whereas
no effect was observed when we assayed GSNO reduction in the pres-
ence of NADH (Fig. 1E and F). By contrast, MMTS had no significant
effect on the NADPH-dependent activity whereas it induced a partial
decrease of NADH-dependent activity, retaining ~60% residual activity
after 30 min incubation (Fig. 1E and F).

Based on these findings, we can sustain that Chlamydomonas protein
extracts contain at least two distinct GSNO-reducing enzymatic systems
exhibiting specific cofactor dependence and different sensitivities to
thermal denaturation and cysteine-modifying molecules.

3.2. The Chlamydomonas genome contains two genes encoding nearly
identical GSNOR isoforms

Since plant and non-plant GSNORs are known to specifically use
NADH as electron donor, we sought to establish that the algal enzymatic
system catalyzing NADH-dependent GSNO degradation could be
ascribed to a GSNOR ortholog. Blast searches using GSNOR sequences
from diverse sources revealed the presence of two GSNOR genes in the
Chlamydomonas nuclear genome (v5.5). The two genes were annotated
as formaldehyde dehydrogenases and we name them here GSNORI
(Crel2.g543400) and GSNOR2 (Crel2.g543350). The two genes are
most probably the result of a recent duplication, as they are adjacent and
code for almost identical proteins (~99% sequence identity, Supple-
mental Fig. 1). Multiple sequence alignments revealed that Chlamydo-
monas GSNORs (CrGSNORs) show 70% and 65% sequence identity with
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Fig. 1. Measurements of GSNO-reducing activities from Chlamydomonas cell extract. (A) and (B) Determination of GSNO-reducing activity by variable
amounts of protein extract from Chlamydomonas cell culture in the presence of NAD(P)H (NADPH, black bars; NADH, white bars). Data represented the mean + SD
calculated from three biological replicates (n = 3). (C) and (D) Thermal sensitivity of NAD(P)H-dependent GSNO reducing activity. Protein extracts (500 ug) were
exposed to various temperatures and after incubation the NAD(P)H-dependent activities were assayed (NADPH, black bars; NADH, white bars). (E) and (F) Alkylation
sensitivity of NAD(P)H-dependent GSNO reducing activity. Protein extracts were exposed for 5 or 30 min to 1 mM alkylating agents (NEM or MMTS) and after
incubation the NAD(P)H-dependent activity was assayed (NADPH, black bars; NADH, white bars). For panels C-F, values are expressed as percentage of activity
measured under control conditions (see Material and Methods) and are represented as mean percentage + SD of three biological replicates (n = 3).

structurally solved GSNORs from land plants (i.e. Arabidopsis thaliana
and Solanum lycopersicum) and human cells, respectively (Fig. 2).
Comparison of CrGSNOR sequences with GSNORs from different plant
and non-plant species showed a similar amino acid conservation ranging
from 54% to 72% sequence identity apart from GSNOR from the green
alga Volvox carteri (90% identity) (Supplemental Fig. 2). The residues
involved in the coordination of both catalytic and structural zinc ions are
fully conserved, and this also applies to residues participating in the
stabilization of the cofactor NAD(H) (Fig. 2). Based on the high sequence
identity among analyzed GSNORs, we can hypothesize that algal
GSNORs represent the enzymes responsible for the NADH-dependent
GSNO reduction detected in Chlamydomonas protein extracts. To
confirm this hypothesis, we investigated the structural and functional
properties of CrGSNORs by focusing our attention on isoform 1
(CrGSNOR1).

3.3. CrGSNORI1 is a homodimeric protein displaying a conserved folding

To gain insight into the structural features of CrGSNOR1, we heter-
ologously expressed the enzyme in E. coli as a 386 amino acids poly-
peptide (full-length protein plus the MHHHHHHH peptide at the N-
terminus) and purified it to homogeneity by Ni?* affinity chromatog-
raphy. The purified protein migrated as a single band of ~40kDa on
SDS-PAGE under both reducing and non-reducing conditions (Supple-
mental Fig. 3A), and MALDI-TOF mass spectrometry confirmed that
recombinant CrGSNOR1 had the expected molecular mass of
41500.6 Da (Supplemental Fig. 3B). Gel filtration and DLS analyses were
conducted to determine the oligomerization state of CrGSNOR1. The
enzyme eluted as a single symmetric peak with an apparent molecular

mass of 96.4+6.1kDa and the elution profile at 280 nm perfectly
correlated with GSNOR activity (Supplemental Fig. 3C). These results
clearly indicate that CrGSNORI1 protein is a non-covalent homodimer as
further confirmed by DLS analysis that reported a hydrodynamic radius
of 4.14+0.2nm, corresponding to an apparent molecular mass of
93.6 + 4.3kDa.

The dimeric fold was chiefly established by solving the crystal
structure of CrGSNOR1 under both apo- and holo-form (NAD'-
CrGSNOR1) at a resolution of 1.8 and 2.3 A, respectively (Fig. 3A and B).
The apo- and holo-enzymes showed an identical crystalline packing with
three dimers in the asymmetric unit and a similar overall structure with
root mean square deviation (rmsd) values ranging from 0.20 to 0.86 A
and from 0.33 to 0.97 A for monomers and dimers superimposition,
respectively. Since similar rmsd values were obtained in the superim-
position among the six monomers or three dimers of the same apo- or
holo-form, we can conclude that the observed differences are mainly
related to a conformational intrinsic variability of CrGSNOR1 molecules
rather than to specific conformational changes between apo- and holo-
structure. The comparison of CrGSNOR1 with other structurally
known GSNORs (i.e. human, tomato and Arabidopsis GSNORs) clearly
indicates a folding conservation with an almost identical secondary
structure composition (Fig. 2) [35,47,66]. The mean rmsd values for
dimers superimposition of apo-CrGSNOR1 with tomato apo-enzyme
(PDB code 4DLA) is 0.83 A and similar values (0.92 and 1.03 10\) were
obtained when NAD'-CrGSNOR1 was superimposed to holo-enzymes
from tomato (PDB code 4DL9) and Arabidopsis (PDB code 4JJI),
respectively. The comparison with human (Hs) apo- and holo-CrGSNOR
gave rmsd values within the same range (0.92 and 0.84 A, respectively).
All GSNOR structures known so far are thus very similar, and the
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Fig. 2. Primary and secondary structure alignment of 3D-solved GSNORs. The alignment was performed with Espript (http://espript.ibcp.fr) [115] using the
sequence and the structure of CrGSNOR1 (this work); GSNOR from Arabidopsis thaliana (AtGSNOR, PDB ID 3UKO); GSNOR from Solanum lycopersicum (SIGSNOR,
PDB ID 4DLB), GSNOR from Homo sapiens (HsGSNOR, PDB ID 1M6H). The conserved residues are shown in red background; blue boxes represent conserved amino
acid stretches (>70%). Residues with similar physico-chemical properties are indicated in red. a-helices, p-strands and 3;¢-helices are marked with o, p, n respec-
tively. p-turns and a-turns are represented by TT and TTT, respectively. Residues coordinating the catalytic and structural zinc atom are indicated by closed and open
triangles, respectively. Closed and open diamonds denote residues interacting with the cofactor and substrate, respectively. An asterisk indicates putative cysteine
targets of S-nitrosylation in AtGSNOR while a light-blue arrow indicates accessible cysteine residues in CrGSNOR1. The primary sequence alignment was made using

Clustal Omega [116]. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

differences between species are, in terms of rmsd, comparable to the
differences among CrGSNORI1 dimers of the same asymmetric unit.

The structural homology of CrGSNOR1 with other known GSNORs
also embraces subunit composition. Indeed, each subunit is composed of
a large catalytic domain comprising residues 1-177 and 327-377, and a
smaller cofactor-binding domain (residues 178-326, Fig. 3B). The latter
domain shows the typical Rossman fold formed by a six-stranded par-
allel B-sheet sandwiched among six a-helices and an additional p-strand.
This domain forms the internal dimer interface and is oriented in such a
way that the six-stranded p-sheets of each subunit form a continuous
B-sheet (Fig. 3A). The cofactor is stabilized by several hydrogen bonds
with protein residues and water molecules, and a unique electrostatic
interaction established between its nicotinamide phosphate group and
Arg373 (Fig. 3C). The adenine ring is sandwiched between two isoleu-
cine residues (Il1e228 and Ile272) but does not form short interactions
(<3.5 A) with protein residues (Fig. 3C and Supplemental Fig. 4A). The
nicotinamide ring is kept in place by hydrophobic interactions with two
valines (Val207 and Val298) and the methyl group of Thr182, and
hydrogen bonds between its terminal amide group and the backbone
carbonyl group of Val296 and Thr321, and amino group of Phe323
(Fig. 3C and Supplemental Fig. 4A).

3.4. The catalytic domain of CrGSNORI1 allocates both the catalytic and
structural zinc ions

The catalytic domain of CrGSNORI1 contains two zinc ions. One zinc
ion (Zn402) is thought to have a structural role and it is coordinated
with a tetrahedral geometry by four cysteine residues (Cys100, 103, 106
and 114) in both apo- and holo-forms (Fig. 4A). The second zinc ion
(Zn401) lies in the active site and has a catalytic role as a Lewis acid,
activating the functional group of the substrate. In NAD"-CrGSNOR1, it
is coordinated with a tetrahedral geometry involving Cys48, Cys178,
His70, and Glu71 (Fig. 4B). The identical geometry is maintained in one
out of six subunits of the apo-structure (subunit F) with Glu71 replaced
by a water molecule (or a hydroxide ion) (Fig. 4C). In the other subunits,
the metal ion is coordinated by five ligands comprising the four afore-
mentioned residues and one water molecule in chains A, B, D and E
(Fig. 4D) or Cys48, Cys178, His70 and two water molecules in chain C
(Fig. 4E). This penta-coordination formed a distorted trigonal bipyra-
midal geometry with the oxygen ligands from Glu71 and/or water
molecules in the axial positions (i.e. perpendicular to the equatorial
plane), while the nitrogen from His70 and the two sulfur ligands from
Cys48 and Cys178 are found on the equatorial plane forming 120° an-
gles. In both subunits F and C, the metal center lies at more than 4 A from
Glu71 having its carboxylic group electrostatically interacting with
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Fig. 3. Crystal structure of apo- and NAD"-CrGSNORL1. (A) Overall folding of dimeric apo-CrGSNOR1. The two subunits are shown in salmon and light blue and
the zinc ions of each subunit as green spheres. The six f-strand of each subunit forming a continuous p-sheet at the dimer interface are highlighted in red and blue. (B)
Overall folding of dimeric NAD*-CrGSNOR1. NAD" shown in sticks occupies the cofactor-binding domain (in light blue; residues 178-326) characterized by the
typical Rossman fold. The larger catalytic domain (in blue; residues 1-177 and 327-377) comprises the metal ion sites. The active site of CrGSNOR1 (zoom) is located
between the catalytic and cofactor-binding domains and is formed by the loops and the a-helix highlighted in red. (C) Hydrogen bond and salt-bridge interactions (up
to 3.5A) of NAD™ with protein residues and water molecules. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web

version of this article.)
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Fig. 4. Coordination environment of the zinc ions in apo- and NAD"-CrGSNOR1. (A) The structural zinc ion is coordinated by four cysteine residues (100,103,
106 and 114) in all subunits of both enzyme forms. (B) The catalytic zinc ion is coordinated with a tetrahedral geometry by two cysteines (48 and 178), His70, and
Glu71 in all subunits of NAD*-CrGSNOR1. Glu71 also forms a salt-bridge with Arg373, which in turn interacts with the phosphate groups of the cofactor. (C) In F
subunit of apo-CrGSNORI, the catalytic zinc ion is coordinated with a distorted tetrahedral geometry by Cys48, Cys178, His70, and a water molecule. Glu71 is
uniquely involved in a salt-bridge with Arg373. (D) In A, B, D and E subunits of apo-CrGSNORI1, the catalytic zinc ion is coordinated by five ligands comprising
Cys48, Cys178, His70, Glu71 and a water molecule. Glu71 keeps its interaction with Arg373. (E) In the C subunit of apo-CrGSNOR1, the catalytic zinc ion is co-
ordinated by five ligands comprising Cys48, Cys178, His70, and two water molecules. Glu71 is uniquely involved in double salt-bridge with Arg373. (F) In B and D
subunits of NADT-CrGSNOR1, in close proximity to the catalytic zinc ion coordinated with a tetrahedral geometry by Cys48, Cys178, His70, and Glu71, a water
molecule is observed.
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Arg373 (Fig. 4C and E). This Glu-Arg salt-bridge is conserved also in the
subunits where Glu71 participates in Zn?* coordination (Fig. 4B and D).
When the cofactor binds to the enzyme, Arg373 slightly moves toward
the cofactor phosphate groups weakening the interaction with Glu71
that preferentially coordinates the zinc ion (Fig. 4B). However, in two
subunits of the NAD "-structure (C and F subunits) the distance Glu71-
Zn401 is between 3.5 and 3.8 A. Subunits superimposition shows that
the increased Glu71-Zn401 distance observed in C and F subunits of both
apo- and holo-forms is due to a 2-3 A displacement of the zinc ion away
from the glutamate toward the substrate-binding site (Supplemental
Figs. 5A and 5B) in a position superimposable to the catalytic zinc ion in
HsGSNOR complexed with NADH and S-(hydroxymethyl)glutathione
(HMGSH) [49] (Supplemental Fig. 5C). The reversible association of the
catalytic zinc ion to Glu71 (ie. far in apo-structure, close in
holo-structure and far again in ternary complex-structure), was reported
for tomato and human GSNOR [35,49], but its function in the catalytic
cycle is still an open issue. This alternate zinc ion positioning is not
observed in the four subunits of apo-CrGSNOR1 structure (A, B, D and E)
where Glu71 participates in metal coordination (Supplemental Fig. 5D)
and two subunits of the NAD"-CrGSNOR1 structure (C and F) where
Glu71 is at a significantly higher distance than the other ligands (Sup-
plemental Fig. 5B). Interestingly, in four out of six subunits of the
holo-form (A, C, E, and F) no water molecule was observed in close
proximity to the catalytic zinc ion as found in other GSNOR structures.
By contrast, in B and D subunits a water molecule is located at about 3 A
from the zinc ion at the opposite side with respect to Glu71 (Fig. 4F). In
the apo-structure, this water molecule always participates in metal co-
ordination being hydrogen-bonded to Thr50 and Tyr96 (distance
ranging from 4.2 to 5.8 A; Supplemental Fig. 6A). In all subunits of
NAD'-CrGSNORI1 structure, the hydroxyl group of Tyr96 is rotated
compared to the apo-form (Supplemental Figure 6B) and is not able to
interact with the water molecule that partially loses its stabilization.
Differently, Arabidopsis, tomato and human holo-structures always

A B

activity (%)

C
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show a water molecule in the proximity of the catalytic zinc ion and the
rotation of the conserved Tyr96 is not observed. When present, the water
molecule bridges the zinc ion and the nicotinamide ring of the cofactor,
which lies at about 5.0 A from the catalytic metal (Fig. 4F).

The active site is located between the catalytic and cofactor-binding
domains (Fig. 3B) and is formed by several loops including Gly56-Glu61,
Pro109-Valll7, 11e93-GIln97, Phel44-Thr147, Ala286-Trp290 and
11e295-GIn303, and the a-helix Arg118-Lys123 (Fig. 2). These portions
contain residues involved in the binding of the substrate HMGSH in
HsGSNOR [49,88,89]. Most of these residues are conserved among
different GSNORs (Fig. 2), except for GIn112, Tyrl40, and Lys284
(HsGSNOR numbering), which are replaced in CrGSNOR1 by Vall15,
Phel44, and Arg288, respectively (Fig. 2). Within the substrate-binding
site of NAD"-CrGSNOR1 structure (chains A-F), we observed a PEG
molecule from the crystallization medium that had a different length in
the diverse chains. The terminal hydroxyl group of PEG is located at
more than 5.5 A from the catalytic zinc ion and does not contribute to its
coordination as observed for the hydroxyl group of HMGSH in HsGSNOR
ternary complex [49]. Hydrogen bonds with Tyr96, GIn97, NAD™, and
several water molecules stabilize PEG (Supplemental Fig. 4B). The
rotation of Tyr96 side chain with respect to the position in the
apo-structure is required for PEG accommodation into the
substrate-binding site. An equivalent rotation is not observed in the
HMGSH binding to HsGSNOR.

3.5. Biochemical features of recombinant CrGSNOR1

Purified recombinant CrGSNOR1 was assayed for its ability to
catabolize GSNO. The enzyme-catalyzed GSNO degradation in the
presence of NADH displaying a linear relationship with protein con-
centrations (Supplemental Fig. 7). By contrast, its activity was almost
undetectable when NADPH replaced NADH (Fig. 5A). Likewise, no ac-
tivity was observed by replacing GSNO with GSSG (Fig. 5B). These

Fig. 5. Kinetic analysis of CrGSNOR1. (A) Cofactor
specificity of CrGSNORI1 activity in the presence of

100 - GSNO. The activity of CrGSNOR was evaluated in the
] presence of 0.4mM GSNO using 0.2mM NADH

80 (white bar) or 0.2 mM NADPH (black bar) as cofactor.
Data are represented as mean + SD (n = 3). (B) Sub-
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20 mean+SD (n=3). (C) Activity of CrGSNOR1 as
reductase or dehydrogenase. The activity of CrGSNOR
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(black bar) as described in the Experimental section.
Data are represented as mean + SD (n = 3). For panels
A-C, the NADH-dependent GSNO reduction of
CrGSNORI1 (25nM) was set to 100%
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CrGSNORI1. The protein was incubated for 30 min at
variable temperatures and after incubation, the
remaining activity was measured. Data are repre-
sented as mean +SD (n=3). (E) Inactivation treat-
ments of CrGSNOR1 with MMTS or NEM. CrGSNOR1
was incubated for 30 min in the presence of 1 mM
MMTS or 1 mM NEM (grey bars). Data are repre-
sented as mean+SD (n=3) of control activity
measured after protein incubation in the presence of
buffer alone (light-blue bar). (For interpretation of
the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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results indicate that CrGSNOR1 activity strictly depends on NADH and
GSNO. GSNOR from diverse sources was originally found to catalyze the
oxidation of S-(hydroxymethyl)glutathione (HMGSH) in the presence of
NAD" 32,35,41,49,90. The Chlamydomonas GSNOR1 enzyme was also
able to catalyze the NAD-dependent oxidation of HMGSH but with a
2.5-fold lower efficiency compared to the GSNO degrading activity
(Fig. 5Q).

Kinetic analyses were performed on the NADH-dependent GSNO
reducing activity of CrGSNORI1 using either GSNO or NADH as variable
substrates and the kinetic parameters were determined by non-linear
regression analysis (Supplemental Figs. 8A and 8B). When the initial
rates were plotted as a function of substrate concentration, responses
were hyperbolic allowing apparent kinetic parameters to be calculated.
The apparent Michaelis-Menten constants (K’p) measured at saturating
concentrations of the non-varied substrate were 24.9 + 1.5 pM for GSNO
and 14.3 £ 2.1 pM for NADH and the apparent turnover numbers (k’cat)
were 26.6 + 2.557 (GSNO) and 27.0 + 0.6 s~ (NADH). The calculated
catalytic  efficiencies  (k’cat/K'm) of the reaction were
~1.07 x 10°M~'s7! (GSNO) and ~1.86 x 10°M~'s~ (NADH). These
values are comparable to previously characterized plant GSNORs
although kinetic properties slightly differ for CrGSNOR1 with a ~2-3-
fold higher substrate/cofactor affinities and ~4-5-fold lower turnover
numbers [35,41,52,91].

After establishing the biochemical properties of recombinant
CrGSNOR1, we analyzed its sensitivity to thermal denaturation as car-
ried out with Chlamydomonas protein extracts. The thermal stability of
recombinant CrGSNOR1 was investigated by following the residual
GSNOR activity after 30min incubation at different temperatures
(Fig. 5D). The enzyme showed a relatively high degree of thermosta-
bility, retaining maximal activity in the 25-50 °C range. Exposure to
higher temperatures led to a rapid protein inactivation being complete
at temperatures above 65°C. These observations correlate with the
thermal sensitivity of the NADH-dependent activity measured in algal
protein extracts (Fig. 1d). Tsg, the temperature at which 50% of the
activity is retained after 30 min incubation, was found to be ~56 °C, a
value strikingly similar to other plant GSNORs [35,91]. The effect of
temperature on CrGSNORI stability was also evaluated by following the
turbidity at 405 nm, which represents an optical measurement for pro-
tein denaturation/aggregation (Supplemental Fig. 8C). Consistent with
activity measurements, CrGSNOR1 remained fully stable when incu-
bated at 25 °C, whereas it started to aggregate immediately after incu-
bation at 75 °C, reaching maximal turbidity after 10 min. At 55°C, the
aggregation kinetic proceeded more slowly and half-maximal turbidity
was reached after 30 min.

To further extend the comparison between the recombinant protein
and the NADH-dependent enzymatic system from algal protein extracts,
we examined the sensitivity of CrGSNOR1 to MMTS and NEM. Exposure
of CrGSNOR1 to MMTS resulted in a complete inactivation of the
enzyme, while NEM did not affect catalysis (Fig. 5E). This observation is
in agreement with the catalytic effect of these two thiol-modifying
compounds on algal protein extracts where NADH-dependent activity
was only affected in the presence of MMTS (Fig. 1F). In protein extracts,
however, the MMTS-dependent inactivation was only partial and this
might be due to its reaction with thiol-containing proteins other than
GSNORs. These results also indicate that CrGSNORI1 activity has a dis-
similar response to MMTS and NEM, likely residing on the reactivity of
MMTS with both solvent accessible and zinc-coordinating cysteines [87]
thus affecting protein catalysis and/or structural stability.

3.6. Cysteine conservation and thiol reactivity in CrGSNOR1

CrGSNORI is a cysteine-rich enzyme as it contains sixteen cysteines
that correspond to 4.2% of the total amino acid content (Supplemental
Fig. 1). Among GSNORs from different species, nine out of sixteen cys-
teines are fully conserved comprising Cys48/Cys178 (coordination of
the catalytic zinc atom), Cys100/Cys103/Cys106/Cys114 (coordination
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of the structural zinc atom) and Cysl1 (except in bacterial GSNORs),
Cys174 (except in C. elegans) and Cys272 (Fig. 2 and Supplemental Fig.
2). The remaining seven Cys are randomly conserved with Cys95/
Cys285/Cys371/Cys374 only present in the green lineage with the ex-
ceptions of Cys95 absent in pea GSNOR, Cys374 absent in the tomato
and Lotus japonicus GSNOR1, and Cys285/Cys371 present in Synecho-
cystis/yeast GSNOR, respectively. Cys244 is conserved in algae and
most animals and bacteria (Fig. 2 and Supplemental Fig. 2). Despite the
high Cys content, we found that CrtGSNOR1 only contains two solvent
accessible/reactive cysteine thiols as assessed by DTNB-based thiol
titration (2.0 & 0.3 free thiols per subunit).

In order to confirm the number of accessible/reactive free thiols and
establish their position, we analyzed the protein by matrix-assisted laser
desorption ionization time-of-flight mass spectrometry (MALDI-TOF
MS) following alkylation treatment in the presence of maleimide de-
rivatives. Preliminary NEM-based alkylation experiments suggested that
CrGSNORI1 was mainly di-alkylated (Supplemental Fig. 9). Nevertheless,
the low mass shift induced by NEM (4125 Da per alkylated cysteine)
precluded a clear separation of the different alkylated forms of
CrGSNOR1 at the protein level. Therefore, NEM was replaced by Biotin-
maleimide as it exhibits the same maleimide reactive group but allows
better separation of the different protein species by generating a +451
Da mass shift per alkylated cysteine. As shown in Fig. 6, CrGSNOR1
underwent a near complete di-alkylation after 30 min incubation and
longer incubation showed no further significant peaks. These data are
consistent with the two accessible/reactive cysteine thiols determined
by DTNB assay. Subsequently, we identified the alkylated cysteines by
peptide mass fingerprinting of CrGSNOR1 treated with Biotin-
maleimide for 20 min. This incubation time was selected to generate
partial mono- and di-alkylated species of CrGSNOR1. By comparing
MALDI-TOF spectra obtained after trypsin digestion of untreated or
Biotin-maleimide-treated CrGSNOR1, we identified Cys244 and Cys371
as alkylated residues (Fig. 7). Taking advantage of the presence of a
biotin moiety, we also performed an enrichment of alkylated peptides
using monomeric avidin as previously described in Refs. [67] and we
confirmed the alkylation of Cys371 (Supplemental Fig. 10) while pep-
tides containing Cys244 were not recovered likely due to its weak pro-
pensity to ionize under MALDI ionization conditions. Altogether, mass
spectrometry analyses are consistent with the structural features of
CrGSNORL. Alkylation of Cys371 agrees with the high accessible surface
area (ASA) calculated from the structure, ranging from 14 A% to 31 A%in
different chains of the asymmetric unit. Similarly, Cys244 has an
accessibility in the 29-31 A? range, supporting its reactivity towards
maleimide. The structure of the apo-form revealed that Cys272 is also
exposed to the solvent (ASA 16-22 10\2) but no alkylation was observed
(Supplemental Fig. 11). This lack of reactivity may depend on the
orientation of its thiol group toward a hydrophobic cavity (formed by
Vall87, 193, 201, 207, 211 and 296, Ala186, Gly208 and Phe270) that
likely hampers reaction with maleimide derivatives. Conversely, the
cofactor binding makes Cys272 completely buried in the holo-form.

3.7. CrGSNOR1 has limited sensitivity to S-nitrosylation and remains
unaffected by oxidative treatments

Thiol-modifying treatments suggested that CrGSNORI1 contains
cysteine(s) that might be prone to oxidative modifications that may
affect enzyme catalysis. To investigate the sensitivity of CrGSNOR1 to
physiological thiol-based modifications, we measured protein activity
upon treatments with different molecules that specifically induce
cysteine oxidation. As shown in Fig. 8A, diamide (TMAD) and hydrogen
peroxide (H20>) did not significantly alter CrGSNOR1 activity even at a
high concentration (1 mM). Moreover, the number of accessible thiols
does not change after treatment with HyO9 (1.9 £ 0.1 free thiols per
subunit), and the CD spectra of CrGSNORI1 before and after treatment
with HyO, are superimposable (Supplemental Fig. 12A and Supple-
mental Table 2), ruling out significant variations of either the redox state
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Fig. 6. Time-dependent mass spectrometry analyses of CrGSNOR1 treated with Biotin-maleimide. Recombinant CrGSNOR1 was incubated in the presence of
1 mM Biotin-maleimide. At indicated time points, protein samples were withdrawn and analyzed by MALDI-TOF MS to assess the number of alkylated cysteines. For
each alkylated cysteine, the molecular mass of CrGSNOR1 is shifted by +451 Da compared to the native protein (41473.4 Da). Peaks highlighted by an asterisk
correspond to the protein-matrix (sinapinic acid) adduct. The y-axis is equal for all mass spectra acquired at times 0, 30, 60, and 90 min, and only indicated in the

bottom spectrum.
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Fig. 7. Peptide mass fingerprinting of untreated or Biotin-maleimide-treated CrGSNOR1. Recombinant CrGSNOR1 was incubated in the presence of 1 mM
Biotin-maleimide for 20 min and then trypsin digested. The peptide mixture was analyzed by MALDI-TOF MS. Sequence of peptides belonging to CrGSNORI1 is
indicated in brackets (numbering according to Fig. 2). Cysteines modified by Biotin-maleimide are annotated with the mention “NEM-Bio” and the peak corre-
sponding to the peptide sequence [1—12] of CrGSNOR1 is indicated as N-terminus peptide as it is fused with the 7xHis affinity purification tag.
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Fig. 8. Effects of oxidizing and nitrosylating agents on CrGSNOR1. (A) Incubation of CrGSNOR1 with oxidizing agents. CrGSNOR1 was incubated for 30 min in
the presence of 1 mM H,0 or diamide (TMAD) (grey bars). Data are represented as mean + SD (n = 3) of control activity measured after 30 min incubation in the
absence of oxidizing agents (light blue bar). (B) Incubation of CrGSNOR1 with the nitrosylating agents GSNO and SNAP. CrGSNOR1 was incubated for 30 min in the
presence of GSNO (2 mM) or SNAP (0.2 or 2 mM). Data are represented as mean + SD (n = 3) of control activity measured after 30 min incubation in the absence of
DEA-NO (white bar). (C) The reversibility of CrGSNORI1 inactivation by SNAP (2 mM, black bar) was assessed by incubation in the presence of 20 mM DTT (white
bars). Data are represented as mean + SD (n = 3) of control activity (see panel B). (D-E) S-nitrosylation of CrGSNOR1. CrGSNOR1 was treated for 30 min in the
presence of 2mM GSNO (D) or 2 mM SNAP (E) and nitrosylation was visualized using the biotin-switch technique followed by anti-biotin western blots as described
in Material and Methods. For both panels, the red-ponceau (ponceau) staining of the membranes shows almost equal loading in each lane. Asc, ascorbate. (F) 2F, — F,
electron density map (contoured at 1.5 sigma) of nitrosylated Cys244 in protein chain E. The nitrosyl group is stabilized by a hydrogen bond with Lys237. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

of accessible thiols or secondary structure upon the oxidative treatment.
Previous studies reported that plant GSNORs undergo S-nitrosylation
with consequent inhibition of nearly all isoforms with the exception of
GSNORI1 and GSNOR2 from Lotus japonicus [41,48,50-54,56]. In order
to examine whether S-nitrosylation can regulate CrGSNOR1, the puri-
fied enzyme was exposed to different types of NO-donors. Nitrosylation
reactions were induced chemically with the NO-releasing compound
SNAP or with GSNO that acts as a trans-nitrosylating agent [92]. In the
presence of GSNO, the activity of CrGSNOR1 remained unaffected
(Fig. 8B) while we observed a partial and reversible inhibition in the
presence of SNAP (Fig. 8B and C). To assess the S-nitrosylation status of
CrGSNOR1, we applied the biotin switch technique (BST) on the GSNO-
and SNAP-treated enzyme. Surprisingly, we observed a positive nitro-
sylation signal following exposure to both nitrosylating agents (Fig. 8D
and E), indicating that either GSNO or SNAP can react with CrGSNOR1

cysteine(s) inducing S-nitrosylation. Despite the negligible effect on
CrGSNORI catalysis, further biochemical and structural investigations
were performed on the enzyme in the presence of GSNO considering its
essential role as physiological NO donor. Thiol titration after treatment
of CrGSNOR1 with GSNO indicates a decrease of accessible free thiols
with respect to the untreated enzyme (1.3 + 0.1 free thiols per subunit).
Moreover, the electron density obtained for a crystal of NAD"/GS-
NO-CrGSNOR1 clearly shows that the thiol group of Cys244 was nitro-
sylated (Fig. 8F), while no GSNO molecule was observed in the substrate
binding site. In two (chains B and E) out of the six protein chains of the
crystal asymmetric unit, the nitrosyl group is stabilized by a hydrogen
bond with a water molecule or the amino group of Lys237 (Fig. 8F and
Supplemental Fig. 13A). In chain A, the nitrosothiol is oriented toward a
hydrophobic cavity formed by Leu204, lle212, Ala225, Phe233 and
Ala236 while in the remaining chains it is exposed to the solvent
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(Supplemental Figs. 13B-D). Compared to the holo-enzyme, the redox
modification of Cys244 does not induce a significant conformational
variation, as observed by CD spectroscopy analysis (Supplemental Fig.
12B), and the overall enzyme fold was also conserved (rmsd for the
superimposition of NAD'-CrGSNOR1 and NAD'/GSNO-CrGSNOR1
structures = 0.39 A).

4. Discussion

Over the last decades, NO signaling has emerged as a fundamental
process by which photosynthetic organisms including unicellular algae,
regulate different aspects of cell metabolism [7,14,93]. Characterization
of the mechanisms regulating NO homeostasis and NO-dependent
signaling pathway, is of striking importance in microalgae considering
their biotechnological potential for the bio-production of drugs, energy
and food [94,95]. Recent efforts have set the foundations for the use of
Chlamydomonas and other unicellular phototrophs as molecular chassis
exploitable in the next synthetic biology-driven green revolution
[96-98]. NO metabolism is of particular importance in these organisms
living in liquid micro-oxic environments, where the fermentative
metabolism and the Hemoglobin-NO cycle are important players in
cellular bioenergy [99,100]. In Chlamydomonas, the biological function
of NO relates to responses to nitrogen and sulfur starvation, hypo-
xia/anoxia, high light and light to dark transitions [4,58,60,99,101,
102]. In general, protein S-nitrosylation acts as the major mechanism
propagating NO-dependent biological signaling and it can modulate
protein function by altering enzymatic activity and/or protein structure
[12-14,103]. Noteworthy, while NO-dependent biological pathways
have been uncovered, very little is known about how microalgae control
nitrosothiol homeostasis through NO catabolism.

Considering the primary role of GSNO as a trans-nitrosylating agent,
the redox systems involved in GSNO catabolism are fundamental to
control the intracellular levels of this low-molecular weight nitrosothiol
and consequently, the extent of protein S-nitrosylation. In this work, we
observed that Chlamydomonas protein extracts contain two distinct
systems catalyzing GSNO reduction using NADPH or NADH and having
different sensitivities to thiol-modifying compounds and thermal dena-
turation. Based on cofactor specificity and biochemical properties, we
can hypothesize that the NADPH-dependent activity might primarily
involve thiol-disulfide exchanges mediated by TRX or GRX [28,29].
Indeed, these enzymes are thermostable and their activity is inhibited by
irreversible alkylation [68,104]. Similar properties are also found in
glutathione reductases but these enzymes cannot use GSNO as a sub-
strate ([105] and authors’ personal communication). Other
NADPH-dependent GSNO-reducing activities might be involved such as
carbonyl reductase 1 and aldo-keto reductase family 1 member Al
identified in human [33,34] and for which orthologs are present in
Chlamydomonas genome (data not shown). The NADH-dependent ac-
tivity observed in Chlamydomonas protein extracts is most likely
dependent on GSNOR since its sensitivity to thiol modifying agents and
thermal denaturation is comparable to purified CrGSNOR1, which was
found to strictly depend on GSNO and NADH (Figs. 1 and 5). This is
further supported by an overall conservation of the three-dimensional
structure of apo- and holo-CrGSNOR1 compared to other structurally
known GSNORs. Despite this global structural homology, we observed
that the coordination sphere of the catalytic zinc ion shows a high
variability (Fig. 4B-F), while the tetrahedral thiolate-geometry (S4)
coordination of the structural zinc ion is perfectly conserved (Fig. 4A).
When NAD™ is bound to CrGSNOR1, the zinc atom is mainly coordinated
by four conserved residues (Cys48, His70, Glu71 and Cys178; Figs. 2 and
4B) as in human, tomato, and Arabidopsis GSNORs. However, in two out
of six subunits, the metal stabilization by Glu71 appears weaker with a
distance above 3.5 A. Indeed carboxylate groups can show a wide range
of metal-ligand distances up to 4.5 A [106]. Differently, in the
apo-structure the catalytic zinc is stabilized by four or five ligands
involving Cys48, His70, Cys178, and Glu71 replaced or accompanied by
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one or two water molecules (or hydroxide ions; Fig. 4C-F). This
expansion to a penta-coordination sphere, already reported for other
zinc-containing proteins (e.g. adenosine deaminase [107]; astacin
[108]) or temporarily occurring in catalytic zinc-sites to accommodate
the substrate [109-111], was not observed in other structurally known
GSNORs. The functional role of this increased dynamicity of the cata-
lytic zinc in the algal enzyme possibly due to steric and stabilizing
electrostatic interactions from the secondary coordination sphere, re-
mains to be established.

GSNOR is typically defined as a cysteine-rich protein containing 14
to 16 Cys residues (Fig. 2 and Supplemental Fig. 2). Consistently,
CrGSNORI1 contains 16 Cys of which only Cys244 and Cys371 were
found to be solvent-exposed and reactive towards maleimide de-
rivatives, although alkylation did not affect activity, in sharp contrast
with AtGSNOR whose activity is strongly inhibited after exposure to
alkylating agents [55]. While CrGSNOR1 is resistant to NEM,
MMTS-dependent conjugation causes a rapid inactivation of the
enzyme, which is likely ascribed to the ability of MMTS to alter zinc
(s)-coordination with consequent protein inactivation. The response of
CrGSNORI1 to thiol-based modifications reflects dissimilarities with
other plant GSNORs [36,37]. Recent studies showed that GSNOR from
several land plants was inhibited by both HyO,-dependent oxidation and
S-nitrosylation [48,50,51,53,56]. Lindermayr and colleagues identified
the catalytic zinc-coordinating cysteine residues (Cys47 and Cys177) as
primary targets of HoOs-mediated oxidation in AtGSNOR with conse-
quent zinc ion release and disruption of the catalytic site [55]. Although
these cysteines are fully conserved in CrGSNOR]1, treatments with HoO»
were found to be ineffective in altering either the redox state of acces-
sible cysteines or protein activity and folding (Fig. 8 and Supplemental
Fig. 12A). This suggests that CrGSNOR1 does not contain
oxidation-prone free or zinc-bound cysteine(s), the latter being likely
protected by a highly stable coordination in the algal enzyme.
CrGSNOR1 was found to undergo S-nitrosylation but without any sig-
nificant effect on GSNOR activity and native folding (Fig. 8 and Sup-
plemental Fig. 12B), as previously observed for GSNORs from Lotus
Japonicus [41]. By contrast, AtGSNOR was shown to undergo S-nitro-
sylation on Cys10, Cys271, and Cys370, leading to inhibition of the
enzyme through a 2-fold decrease of both the affinity towards GSNO and
the turnover number [52]. These three residues are fully conserved in
CrGSNOR1 (Figs. 2 and 9A), but alterations in cysteine microenviron-
ments and local folding might explain the limited responsiveness of
CrGSNOR1 to S-nitrosylation or other thiol modifications.

In CrGSNORI, Cysl1 is barely accessible, as in AtGSNOR, and not
reactive toward alkylating reagents. Structural comparison between the
two enzymes unveiled that despite a generally high backbone similarity,
Cysll in CrGSNORI1 is surrounded by specific residues (i.e. GluloO,
Thr29, Asp137, Glul52 and the carboxyl group of C-terminal Phe377)
that determine a negative electrostatic surface potential (Fig. 9B). These
residues are not conserved in AtGSNOR1 (Fig. 2) where Cys10 is rather
surrounded by positive charges (Fig. 9C) due to the N-terminal groups of
Ala2; Lys11l, Lys40 and Lys379 (the two latter not conserved in
CrGSNOR1, Fig. 2). The differences between the microenvironment of
Cys11/Cys10 in the two enzymes could be the basis for the lack of
reactivity of this residue in CrGSNORI1. In vivo, nitrosylation of AtGS-
NOR Cys10 occurs in response to hypoxia and promotes degradation of
the enzyme by selective autophagy [53]. Recently, the non-canonical
catalase CAT3 was shown to transnitrosylate AtGSNOR1 at Cysl0, a
process strictly dependent on CAT3 Cys343 [54]. This mechanism is
unlikely to occur in Chlamydomonas since the previously cited cysteine
is not conserved in the unique algal redox regulated catalase [112,113].

As observed for Cys370 in AtGSNOR [47], CrGSNOR1 Cys371 is
exposed to the solvent, although its accessibility decreases from the
apo-to the holo-form (31-14 A% to 15-5 AZ), and undergoes
maleimide-dependent alkylation. Nevertheless, Cys371 alkylation has
no effect on CrGSNOR1 activity. In both enzymes, Cys371/Cys370 lies in
a loop that follows helix a12 and its thiol group forms various hydrogen
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bonds with surrounding residues (Figs. 2 and 9D). This region is char-
acterized by high mobility expressed by backbone thermal parameters
(B factors) larger than the average value for the whole protein (Sup-
plemental Fig. 14 and Supplemental Table 1). However, in AtGSNOR,
helix 12 is 3-4 residues shorter compared to CrGSNOR1 thereby
decreasing the structural constraints due to a rigid secondary structure
and increasing the probability that a redox modification of the cysteine
could induce a local conformational rearrangement affecting the cata-
lytic activity. Indeed, this residue overlooks the cofactor binding pocket
and lies at about 11-12 A from the catalytic zinc ion (Fig. 9D). As
observed for Cys371, also Cys272 (Cys271 in AtGSNOR) is
solvent-accessible in CrGSNOR1. However, this residue becomes
completely buried when NAD(H) is bound to the enzyme on the other
side of the cofactor-binding pocket. By comparing the microenviron-
ment of this residue, we observed that the region surrounding
Cys272/Cys271 is structurally conserved between algal and plant en-
zymes. However, this residue is not modified by alkylation in CrGSNOR1
and we can thus suppose that physiological oxidative molecules cannot
alter its redox state.

The other solvent-exposed cysteine targeted by maleimide alkylation
in the Chlamydomonas enzyme, Cys244, is not conserved in GSNORs
from land plants while it is present in other organisms including
V. carteri, human, mouse, C. elegans, and prokaryotes such as E. coli and
Synechocystis sp. PCC6803 (Fig. 2 and Supplemental Fig. 2). CrGSNOR1
Cys244 is hydrogen-bonded to Lys237 (Fig. 9E) and the presence of a
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Fig. 9. Microenvironment of thiol-modified
cysteine residues in algae and/or plant GSNORs.
(A) Conservation of modified cysteine residues in
CrGSNORI (alkylated Cys dark circle) and AtGSNOR
(S-nitrosylated Cys white circle). Cysl1 and Cys272
not modified in CrGSNORI1 are reported as a white
circle. Electrostatic surface potential in the region
surrounding Cysll in CrGSNOR1 (B) and Cys10 in
AtGSNOR (C). Specific residues determining the
larger differences in surface potential between the
two enzymes are indicated. The electrostatic surface
potential ranges between —60 (red) and 60 (blue).
(D) CrGSNOR1 Cys371 lies in a loop that follows helix
al2. Its thiol group is hydrogen-bonded to the side
chains and backbone nitrogen atoms of several sur-
rounding residues. Cys371 overlooks the catalytic
cavity containing the zinc ion and the cofactor. (E)
The thiol group of CrGSNOR1 Cys244 is hydrogen-
bonded to the amino side chain group of Lys237,
which determines a positive surface electrostatic po-
tential. The carboxylic group of Asp249 and Glu251
determine a negative region on the other side of
Cys244 thiol group. (For interpretation of the refer-
ences to colour in this figure legend, the reader is
referred to the Web version of this article.)

positive region determined by Lys237 side chain in close proximity to
the Cys244 thiol group and of a larger negative region due to Asp249
and Glu251, determines a specific microenvironment that can facilitate
a proper binding of oxidative molecules (e.g. NO or GSNO). Consistently,
structural observations show that GSNO cause S-nitrosylation of Cys244
(Fig. 8F) but, as observed for alkylating treatment, nitrosothiol forma-
tion did not alter the catalytic functioning of the enzyme, suggesting that
modification of this residue is unlikely to control CrGSNORI1 activity.

5. Conclusions

In this study, we demonstrated that although CrGSNORI contains
two accessible cysteines (Cy244 and Cys371) showing reactivity to-
wards maleimide-based alkylation and to S-nitrosylation (only Cys244),
its sensitivity to thiol-based oxidative modifications is null or limited
compared to Arabidopsis GSNOR [52,55] and other homologues from
land plants [56] with the notable exception of Lotus Japonicus GSNORs
[41]. Deep analyses of the crystallographic structure of CrGSNOR1
revealed structural features likely responsible for the difference in Cys
reactivity compared to plant enzymes. Indeed, cysteine reactivity does
not reflect the absolute solvent accessibility of the residue and is also
influenced by the cysteine microenvironment or local folding. Specif-
ically, these structural features can (i) protect the residues from oxida-
tive attacks, (ii) hamper proper allocation of oxidative compounds, and
(iii) limit conformational changes that might directly affect protein
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catalysis or favor the redox sensitivity of other cysteine residues. The
limited sensitivity of CrGSNORI1 to redox post-translational modifica-
tions suggests that regulation of NO signaling in algae may operate
through other mechanisms including regulation of GSNOR by other
modifications or by regulation of protein abundance and gene expres-
sion. GSNOR may also be constitutively active in algae, regulation of
nitrosothiols abundance being controlled by other NO degrading en-
zymes or at the level of NO production. These differences are likely
linked to distinct requirements for regulation of NO metabolism be-
tween land plants and algae.

S-nitrosylation of Cys244 does not appear to control CrGSNOR1 ac-
tivity but may be instrumental to trigger in vivo moonlight functions
unrelated to GSNOR activity, as already shown for the S-nitrosylation of
AtGSNOR Cys10 * and oxidation of glycolytic GAPDHs from both
human and plant cells [114]. It will be interesting to investigate such
functions in the future and to determine whether they could be shared
with other species as suggested by the conservation of Cys244 in
GSNORs from other eukaryotes (e.g. human, mouse, C. elegans, and
V. carteri) and prokaryotes (e.g. E. coli and Synechocystis sp. PCC6803).
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